In salmonid parentage-based tagging (PBT) applications, entire hatchery broodstocks are genotyped, and subsequently, progeny can be nonlethally sampled and assigned back to their parents using parentage analysis, thus identifying their hatchery of origin and brood year (i.e., age). Inter-and intrapopulation variability in migration patterns, life history traits, and fishery contributions can be determined from PBT analysis of samples derived from both fisheries and escapements (portion of a salmon population that does not get caught in fisheries and returns to its natal river to spawn). In the current study of southern British Columbia coho salmon (Oncorhynchus kisutch) populations, PBT analysis provided novel information on intrapopulation heterogeneity among males in the total number of progeny identified in fisheries and escapements, the proportion of progeny sampled from fisheries versus escapement, the proportion of two-year-old progeny (jacks) produced, and the within-season return time of progeny. Fishery recoveries of coho salmon revealed heterogeneity in migration patterns among and within populations, with recoveries from north and central coast fisheries distinguishing "northern migrating" from "resident" populations. In northern migrating populations, the mean distance between fishery captures of sibs (brothers and sisters) was significantly less than the mean distance between nonsibs, indicating the possible presence of intrapopulation genetic heterogeneity for migration pattern. Variation among populations in productivity and within populations in fish catchability indicated that population selection and broodstock management can be implemented to optimize harvest benefits from hatcheries. Application of PBT provided valuable information for assessment and management of hatchery-origin coho salmon in British Columbia.
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K E Y W O R D S
coded-wire tags, coho salmon, fishery management, genetic stock identification, genotyping by sequencing, parentage-based tagging, sibs
| INTRODUC TI ON
Life history variability in salmonids, generally under both genetic and environmental control, is known to be condition-dependent with the adoption of differing developmental pathways affected by a myriad of factors such as individual size, season, age, predation, and food availability. This variation among and within populations not only contributes to resilience and persistence in salmonids , but also affects the extent and pattern of harvest they experience (Kendall & Quinn, 2009 , 2011 . Life history variation in hatchery-supplemented salmon populations propagated primarily for harvest augmentation will influence the degree to which they beneficially contribute to harvest or detrimentally escape capture and interact with natural-origin fish in river spawning locations (Davison & Sattherwaite, 2017) . Evaluation of populations for hatchery supplementation and management of associated fisheries can therefore be facilitated with accurate information on inter-and intrapopulation variation in traits such as age of maturity, spatial and temporal extent of migration patterns, spawner productivity, straying tendency, and the likelihood of capture versus avoidance of fishery gear.
Coho salmon (Oncorhynchus kisutch) have been supplemented with hatchery propagation in British Columbia (BC) and adjoining American jurisdictions for over 40 years to increase ocean harvest and supplement populations of conservation concern. All coho salmon released since the late 1990s from most large hatcheries in southern British Columbia, Washington, and Oregon have been visually marked with an adipose fin clip to facilitate mark-selective fisheries intended to target hatchery salmon and spare naturally spawned (unclipped) individuals. Not only does the presence of life history variation in hatchery fish impact the economic benefit derived from their harvest, but also selective harvest practices can in turn lead to altered life history and phenology in exploited populations (Hard et al., 2008; Tillotson & Quinn, 2018) . Therefore, evaluation of life history variation among and within hatchery populations can facilitate both selection of populations well suited for harvest augmentation and evaluation of the subsequent impacts of exploitation rates on the populations under enhancement. Management of both genetic (broodstock selection and spawning protocols) and environmental (spawn timing, rearing conditions, ration levels) factors to affect hatchery fish characteristics and distributions and increase their utility may be possible.
Variation in migration trajectory and distance is a primary feature of intraspecific life history diversity in Pacific salmonids. The rich feeding grounds of marine waters generally fuel the rapid growth required for reproduction in these organisms, but come at the cost of high energy requirements for smoltification (the transition from osmoregulation in freshwater to saltwater) and migration as well as a possibly reduced survival level due to predation. Previous examination of eastern Pacific salmonid migration has indicated that juveniles move primarily northward upon ocean entry, following the continental shelf in a northwest direction Hartt & Dell, 1986; Tucker et al., 2009 Tucker et al., , 2012 . However, coded-wire tag recovery from fishery catches indicated that adult coho salmon from different freshwater regions inhabited different areas of the coastal ocean and likely undertook spatial differentiation earlier in ocean residence. The observed differences in distribution were suggested to reflect a significant level of interpopulation genetic differentiation (Weitkamp, 2011; Weitkamp & Neely, 2002) . Morris et al. (2007) documented that individual coho salmon populations can be composed of two migratory components, a fast component that undertakes rapid and direct northwest migration upon entering the ocean, and a slow component that migrates a relatively short distance from the natal river and takes up winter residence over the continental shelf.
Recent detailed investigations of early marine distribution in coho salmon based on tagging indicated that inter-and intrapopulation coho salmon distribution is more complex than a simple dichotomy of long and short migration routes overlaying interpopulation differentiation in migration trajectory. Some coho salmon originating from watersheds that discharge into the Salish Sea (inside waters of Puget Sound and the Strait of Georgia) undertook residency within the Salish Sea, with a further subset of the residents embarking on subsequent migratory excursions to outside coastal waters, presumably for feeding opportunity (Rohde, Fresh, & Quinn, 2014; Rohde, Kagley, Fresh, Goetz, & Quinn, 2013) . This work revealed that both partial migration, in which only a portion of a population is migratory, and differential migration, in which migratory individuals undertake journeys of variable distance, are features of coho salmon life history variation.
The discovery of significant intrapopulation diversity in migration patterns in coho salmon is consistent with observations for other salmonid life history traits, which vary both among and within populations. Of interest is whether the intrapopulation diversity in migration and other traits reflects family differentiation, as would be expected if it arises primarily from genetic heterogeneity and/or environmental conditions common to family members (e.g., spawning date and associated incubation time, temperature, emergence size traits). A family-specific influence on migration would indicate that selection of broodstock, spawn timing, mating protocols, and incubation and rearing conditions within the hatchery might all influence the resulting migratory tendencies of the hatchery progeny.
Whereas physical tagging and genetic stock identification techniques have led to the current level of understanding of migratory and other diversity in coho salmon (Beacham et al., 2016; Morris et al., 2007) , a new methodology is required for detailed analysis of intrapopulation diversity.
Parentage-based tagging (PBT) in salmonids entails the genotyping of parental fish, typically the entire broodstock of one or more hatcheries, to enable the subsequent assignment of lethally and nonlethally sampled progeny back to their parents within the hatchery broodstocks (Anderson & Garza, 2006; Steele, Hess, Narum, & Campbell, 2019) . Assignment of progeny to parents through standard exclusion or probability-based methods provides the age as well as the hatchery and family of origin for progeny sampled at any location or time throughout their lives. PBT techniques developed and validated for a number of Pacific salmonids are increasingly being used to provide comprehensive identification and assessment objectives (Beacham et al., , 2018 Hess et al., 2016; Steele et al., 2019) . Beacham et al. (2019) demonstrated the utility of PBT for the aging and identification of southern BC hatchery coho salmon in highly mixed-stock fisheries throughout BC and in adult returns to rivers known as escapements (portion of a salmon population that does not get caught in fisheries and returns to its natal river to spawn). In the current study, we use coho salmon PBT analysis based on genotyping of 304 variable SNPs to examine life history variation among and within hatchery coho salmon populations, with a focus on family differentiation in productivity and fishery contributions.
PBT was applied to coho salmon sampled from fisheries and escapements (including both hatchery broodstock and hatchery-origin individuals spawning in natural environments) in BC. A primary objective of this study was to examine spatial and temporal variability in migration patterns among hatchery coho salmon populations in southern BC based on PBT identifications in fishery catches.
Additionally, we evaluated intrapopulation heterogeneity among male spawners in the total number of progeny contributed to fisheries and escapements, the proportion of progeny sampled from fisheries versus escapement, and the proportion of two-year-old male and female progeny (jacks, jills) produced. We examined the Analysis of the data provided insight into population-specific distributions among fisheries, the 2014 and 2015 hatchery parental contributions to 2017 hatchery broodstocks and associated stray rates among populations, and productivity of specific return time components of hatchery broodstocks. Fine-scale geographic variability among populations in fishery distribution and timing of catch indicated that individual hatcheries varied significantly not only in overall contribution to fisheries but also by harvest location. We conclude that PBT analysis increases the scope for hatchery broodstock and fishery assessment to improve hatchery broodstock management for improved harvest contributions and reduced impact on natural populations. 
| ME THODS

| Fishery sample collection
| Escapement and broodstock sample collection
Twenty hatchery broodstocks comprising 6,061 individuals were genotyped in 2014 In 2017, escapements (nonbroodstock hatchery and river returns, clipped individuals only) from 13 populations (1,692 individuals) were sampled with the objective of evaluating stray rates among populations . In addition, 6,002 broodstock were genotyped from the same 20 hatchery populations, except that the Goldstream River broodstock was not sampled in 2017, precluding analyses of variation in productivity for this population.
| Genotyping
The detailed procedure for library preparation and genotyping was outlined by Beacham et al. (2017) , and a summarized version was provided by Beacham et al. (2019) . The process involved loading amplified 
| Identification of individuals
PBT was used to identify individuals in fishery and escapement samples by matching the genotype of the individual to the genotypes of prospective parents via the COLONY software package (Jones & Wang, 2010; Wang, 2016) . COLONY was utilized as it can produce assignments when the genotype of one of the parents is missing, either due to a missing parental sample or due to failure to produce a parental genotype from an existing sample.
Given that PBT assignments for 20 potential populations were evaluated for each fishery and escapement sample, COLONY was run with all broodstock sampled during 2014 input as a single unit for analysis of fishery and escapement samples, with no differentiation among populations. Although the COLONY assumption of a single population in the parent pool was violated, analysis of known-origin samples indicated that very high levels of accuracy were achieved in assignments when pooling of potential parents in contributing populations was conducted . Two-parent assignments were accepted only when both assigned parents originated from the same population. Two-parent and single-parent assignments were accepted only when the probability of correct assignment was ≥0.85 for the parent pair or single parent. Polygamous mating was assumed for the COLONY analysis.
Individuals with more than 120 missing genotypes were eliminated from further analyses. An estimated genotyping error rate of 1% was used for COLONY assignments. Previously, had reported that an average genotyping error rate of 1.07% (1,220 discrepancies in 114,105 comparisons) or an allele error rate of 0.53% (1,220 discrepancies in 228,210 comparisons) was observed over the 304 SNPs scored. The parent pair output file was the basic file used in subsequent analyses.
The baseline for individuals sampled in the 2016 escapements and 2017 fisheries and escapements included all broodstocks sampled in 2014 and 2015, as coho salmon in southern BC are predominately three years of age (Sandercock, 1991) . Only age-two jacks were identified in the 2016 escapement sampling, whereas both jacks and age-three fish were identified in the 2017 escapements. Jacks were typically visually identified by hatchery staff based on small body size.
| Estimation of distance between fishery areas
The approximate geographic midpoint of each fishery area was estimated, and the corresponding latitude and longitude was F I G U R E 1 Map indicating geographic locations for fishery sampling and 20 populations for which parentage-based tagging was applied in estimation of stock composition determined via http://www.mapde velop ers.com/geoco de_tool.php.
The water distance between points referenced by latitude and longitude was determined via http://www.csgne twork.com/gpsdi stcalc. to it the water distance between the southern location and the respective fishery area. The matrix of water distances between fishery areas is outlined in Table 1 .
| Comparison of fishery distances between sibs and nonsibs
The PBT marine fishery assignments outlined by Beacham et al. (2019) were used in the estimation of distance between fishery areas for sib and nonsib progeny. Only progeny assigned to both parents were used, providing 1,119 individuals for analysis. For marine fishery recoveries within a population, individuals sharing a common father were defined as sibs. The typical hatchery spawning design was to cross a single male with a single female, but in practice, some males produced offspring from more than one female, presumably as a result of carryover of viable sperm in a fertilization bucket even with intervening rinsing and drying between fertilizations. The distances between fishery recoveries (Table 1 ) of all pairwise combinations of the sibs were tabulated, as were the distances between all pairwise combinations of all nonsibs for each population. The data from three populations were subsequently eliminated from further analysis.
There were no recoveries of sibs for two populations (Puntledge River, Rosewall Creek), and all recoveries for the Nicomekl River population were obtained from a single fishery (JDF). This reduced the analysis to 1,101 individuals.
Populations were sorted into two groups, termed northern migrating and resident. Northern migrating populations had at least 5% of total recoveries from the NC and CC fishery areas, and resident populations had fishery recoveries almost exclusively from southern BC. Sib and nonsib fishery distance recoveries were pooled over all populations within each group, and an ANOVA (R Core Team, 2019) was used to evaluate whether fishery recovery distances between sibs were less than those between nonsibs in each group.
| Origins of 2017 hatchery broodstocks
PBT was used to assign adult and jack individuals in 19 hatchery broodstocks sampled in 2017 to parents in the 2014 or 2015 hatchery broodstocks. Strays were identified via PBT assignment to populations other than the one in which they were sampled in 2017.
| Productivity of males
Progeny contributions by individual male spawners to 2017 fisheries, and 2016 and 2017 hatchery broodstock and nonbroodstock escapements were determined. These contributions included progeny sampled from 2017 marine and freshwater fisheries and jacks and adults sampled from the 2016 and 2017 escapement, respectively.
As the Goldstream River broodstock was not sampled or genotyped in 2017, productivity of male spawners will be underestimated for this population. Individual males were investigated for a propensity to contribute disproportionately to fisheries, jack returns, or escapement relative to the average male contributions of the population.
Deviations from expected progeny distributions within families relative to total family PBT identifications were evaluated by comparison with the observed population distribution by Fisher's exact test (Fisher, 1954) . The analysis was restricted to males with at least four progeny sampled.
| Return and spawn time
Of the 20 hatchery broodstocks surveyed in 2014, only the Chilliwack River and Capilano River populations returned to spawn or spawned over at least a three-month period. The Chilliwack River broodstock was spawned from October through December in 2014.
At the Capilano River, individuals returning from early April to June were defined as Early by hatchery staff, those returning from July through September were defined as Mid, and those returning from October through January were defined as Late. Total, fishery, and escapement progeny per spawning male were summarized by spawning month for the Chilliwack River broodstock and by the Early, Mid, and Late categories for the Capilano River hatchery broodstock.
Differences in the distribution of progeny among spawning groups were evaluated in regional and monthly fisheries with Fisher's exact test. Differences in total and escapement progeny recoveries among spawning groups within a populations were evaluated for statistical significance with an ANOVA.
| RE SULTS
| Sib versus nonsib marine fishery captures
Northern migrating populations, those with higher proportions of fishery captures taking place in NC and CC fisheries, originated from
Vancouver Island and the northern portion of the southern BC mainland. Resident populations, with fewer distant fishery recaptures, were located in the southern portion of the southern BC mainland, the lower Fraser River, and Boundary Bay, south of the mouth of the Fraser River (Table 2 and Figure 1 ). In northern migrating populations, the mean distance (mean ± standard error) between fishery captures of sibs (n = 458, mean = 166 ± 13 km) was significantly less than the mean distance between nonsibs (n = 41,208, mean = 199 ± 1 km; t = 2.47 (1, 41, 664) , p < .01; Table 2 ). This difference was the result of a disproportionate number of siblings being recovered jointly from relatively proximal northern or southern fishery locations, compared with nonsiblings which were more frequently sampled from more distal between-region locations. For six of the seven northern migrating populations, the mean distance between sib captures was lower compared with nonsib capture distances, indicating a consistency of the association between migration pattern and relatedness for this set of populations (Figure 2 ).
In the resident populations, there was no significant difference in the mean distance between fishery captures of sibs (n = 249, mean = 150 ± 9 km) and nonsibs (n = 37,229, mean = 151 ± 1 km; t = 0.07 (1, 37, 476) , p > .10; Table 2 ). As expected, for the resident populations that reared primarily in southern BC marine waters, the overall intrapopulation means pairwise distance between fishery captures was lower than for the more migratory populations. Among the 10 resident populations, the mean distance between sib captures compared with nonsib capture distances was lower in three, TA B L E 2 Number of progeny assigned to two parents in marine fishery samples by population (nt), total fishery recovery of progeny by broodstock male, number of pairwise nonsib fishery captures by population (n1), mean distance (km) between nonsib fishery capture, number of pairwise sib fishery captures by population (n2+), and mean distance (km) between sib fishery capture approximately equivalent in three, and greater in four populations, indicating no apparent association between relatedness and migratory pattern within these populations (Figure 2 ). (Table 3) .
| Origin of 2017 hatchery broodstocks
Hatchery-origin jacks or jills comprised an average 2.2% of broodstock fish, with the highest value (6.2%) observed for Puntledge River (Table 3) . Hatchery strays from sampled populations were incorporated into broodstocks at an average rate of 1.0% (45 strays in 4,447 individuals), with 40% of all straying occurring between Inch
Creek and Norrish Creek. Higher rates of straying were observed among Lower Fraser populations compared with other regions.
| Population and parental male productivity
A total of 6,943 progeny from 2014 hatchery parents were genotyped from escapement samples in 2016 (9.0% of progeny) and 2017 (70.5%), and fishery samples in 2017 (20.5%; Table 4 ). There was inter-and intrapopulation variation in age of maturity, the relative contributions to fisheries versus escapement, and productivity of individual male spawners. Populations with large broodstocks naturally produced more progeny (Tables 3 and 4 ), but number of progeny produced by individual male spawner provided a standardized measure of productivity.
The Chilliwack River population had the highest proportion of age-2 progeny in 2016 escapement sampling (12.5% of 1,367 individuals), none were identified in several populations (Table 4) Table 5 ).
Extensive intrapopulation variation was also observed for productivity traits. A total of 42 males over nine populations produced significantly more jack individuals than did the average male in the population (Table S1 ). One Chilliwack River male spawner produced 17 total progeny among all samples, of which 12 were jacks. The relative fishery and escapement contributions also varied, with 26 males from 11 populations producing significantly more fishery recoveries than expected (Table S2 ). For example, of 78 males in the Robertson Creek broodstock that produced four or more sampled progeny, one had 12 progeny recovered from fisheries, but only two progeny from escapement sampling (Table S2 ). In comparison, the average Robertson Creek male contributed 2.25 and 2.81 progeny to fishery and escapement samples, respectively (Table 5 ). An additional five Robertson Creek males made disproportionately high contributions to fishery samples. Just as some males made disproportionate contributions to fishery captures, so too did others to escapements. Six males over four populations contributed significantly more escapement progeny than would be expected (Table S3) . Some males contributed 14-21 total progeny to escapement samples, but none to fishery samples.
| Effect of migration return and spawn time on progeny number and timing
The average number of progeny recovered from 2014 Capilano broodstock differed among the three parental male return time groups (Table 6 ). Early males produced significantly more total progeny than late males (F (1, 202) = 13.3, p < .01), as did mid males (F (1, 301) = 11.2, p < .01). Most progeny were recovered in the 2017 escapement samples, with 50% more progeny produced by each early male than mid male (F (1, 167) = 4.22, p < .05). Significant differences also existed between mid and late males (F (1, 301) = 24.55, p < .001), and early males contributed three times as many progeny as late males (p < .01; Note: n is number of genotyped males in 2014 hatchery broodstocks, and total PBT is the total number of progeny identified for all genotyped males of a broodstock. Progeny numbers recovered from 2017 fishery sampling and 2016 and 2017 escapement sampling of broodstock and nonbroodstock fish are also provided. The hatchery broodstock was considered part of the escapement. a Goldstream River broodstock was not surveyed or genotyped in 2017.
escapement, the majority of progeny were recovered from within the paternal return time (Table 7) , indicating an influence of paternal return time on progeny return time.
In contrast with contributions to the escapement, fishery recoveries per male increased significantly with return date for the three = 19.7, p < .01). Progeny from the early males were concentrated in July and August harvest, whereas progeny of mid males were mainly harvested from June through September (Table 7) . As might be expected, progeny of Note: Number of parental males in each return/spawn time is given (n), and number of progeny recovered per male (PBT/S) is shown for the 2016 escapement samples (jacks), the 2017 escapement samples (adults), total escapement samples, the 2017 fishery samples, and all samples combined.
TA B L E 6 Time of return or spawning for progeny of early-, mid-, and latereturning Capilano River and October-, November-, and December-spawning Chilliwack River males of the 2014 broodstock late males were harvested disproportionately in later months (July through October; Table 7 ). Thus, the temporal distribution of progeny fishery captures was related to paternal return time. The spatial distribution of progeny groups among fisheries did not vary significantly, although there was an indication that progeny from early males were disproportionately caught in the JDF fishery.
At the Chilliwack River hatchery, the 2014 broodstock was spawned from October through December, and monthly spawn groups were defined because migration return time had not been monitored. There was no evidence for a difference in progeny distribution in 2017 fisheries between November and December spawners ( Similar to the Capilano River population, the total number of progeny produced per Chilliwack River male was significantly greater in October than November (F (1, 233) = 18.52, p < .001), and greater in November than December (F (1, 365) = 8.14, p < .01; Table 6 ). Progeny recoveries per male in fishery samples were similar among the three spawning groups. In the escapement, both jack and adult contributions decreased over time among paternal spawn times (Table 6 ). November spawners contributed fewer adult fish per male to the 2017 escapement than did October spawners (F (1, 233) = 27.30, p < .001), and December spawners contributed fewer than November spawners (1.97, 208 males; F (1, 365) = 6.64, p < .02).
| D ISCUSS I ON
This study illustrated that significant inter-and intrapopulation variability in coho salmon life history characteristics was associated with differences in overall contributions to and patterns of harvest.
Within populations, productivity and life history traits differed among paternal families, suggesting that much of the variation may have a genetic basis and therefore be subject to change not only by hatchery broodstock management but also by harvest pressures.
However, it is important to note that the standard mating design employed for these coho populations was single-pair crosses, with F I G U R E 3 Percentage distribution of PBT fishery recoveries of offspring originating from early-, mid-, and latereturning Capilano River and October-, November-, and December-spawning Chilliwack River genotyped males from the 2014 hatchery broodstocks each male and female brood parent mainly having only one mate.
Thus, the "paternal" effects noted in this study actually embodied both additive and nonadditive genetic effects as well the influence of the common incubation and rearing environment experienced by each family.
In general, the large hatchery populations of this study have been managed primarily for harvest goals, whereas some populations with small broodstocks were initiated for conservation and/or assessment purposes. The proportion of hatchery-origin fish in the 2017 broodstocks reflected this dichotomy in purpose, with large populations generally dominated (>70%) by hatchery fish and only a few populations that contained >50% natural-origin fish.
In locations where the broodstock was seined from the local river (Salmon River, Eagle River, Serpentine River, Nicomekl River), hatchery-origin fish were <30%, whereas in those locations where the broodstock swam into the hatchery facility (Robertson Creek, Inch Creek, Nitinat River), hatchery-origin fish exceeded 80%. With both hatchery-and natural-origin fish contributing to spawning in the natural and hatchery environments in these populations, little genetic differentiation between fish originating from the two environments would be expected, although the degree of domestication for the entire river population may be high for the large enhancement programs. A genome-wide lack of genetic differentiation based on spawning origin was confirmed for two populations included in this study (Quinsam River, Capilano River), although parallel epigenetic differences between hatchery-and natural-origin origin fish of the two populations were noted (Le Luyer et al., 2017) .
Strays were incorporated into the 2017 hatchery broodstocks at a rate of 1.0%, similar to the rate observed in the 2017 nonbroodstock escapement (0.7%, 10 strays identified in 1,530 assigned individuals) in many of the same populations . Labelle (1992) reported that straying in three populations on the southeast coast of Vancouver Island was <2%, similar to the rate observed in the current study. The highest stray rates were observed between the geographically proximate Inch Creek and Norrish Creek populations, with both creeks draining into Nicomen Slough <1 km apart. On average, strays were observed to be a minor component other, only reside in the same fishing area at time of capture. Sibling recognition in coho salmon has previously been reported (Quinn & Busack, 1985; Quinn & Hara, 1986) , as has sibling recognition in other salmonids (Olsén, 1989) . However, similar migratory tendencies in siblings may simply reflect phenotypic and or genetic similarities rather than kin recognition (Dodson, Aubin-Horth, Thćriault, & Paez, 2013; Fraser, Duchesne, & Bernatchez, 2005) .
Juvenile body size may have an important effect on migratory phenotype (Dodson et al., 2013) . Beacham et al. (2016) reported that there was a relationship between timing of northward migration and juvenile body size in coho salmon, with larger individuals migrating northward earlier than smaller individuals from the same populations. It may be that long-distance migration in coho salmon is mediated via growth rate, with faster-growing individuals having a greater propensity for longer northward migration. Growth rate in salmonids has a heritable component (Gutierrez, Yáňez, Fukui, Swift, & Davidson, 2015; Nilsson, 1990) , and the smaller distance in fishery captures among sibs may reflect similarity in growth rate and body size. In resident coho populations, growth rates may have been insufficient to trigger long-distance migration in even the fastest growing members, or the migration routes undertaken did not lead to capture in northern fisheries.
Return time and spawning time in coho salmon populations also have a genetic basis (Ford et al., 2006) . In a population in Oregon with at least a five-month interval in time of return and with three defined return time groups, Tipping and Busack (2004) reported that 57%
of 3-year-old adult fish returned in the return time window of origin and that many of the early-and late-origin fish returned in the middle time period (mid-October through November). In our study, for two populations with an extended in return time or spawning time, paternal time group influenced both the total number and timing of progeny recovered. Early-returning Capilano and early-spawning
Chilliwack males were fewer in number but produced more progeny per capita than later males. For Capilano, progeny tended to return in the paternal time window, but there was significant overlap in return time of progeny from the early and mid-groups. In contrast, only 3% of late-origin offspring returned at an earlier time.
In contrast to total contributions from Capilano males, fishery Chilliwack River males that spawned in October also produced more jacks than did later spawning males. Heritability of jacking has been documented in salmonids (Berejikian et al., 2010; Heath, Rankin, Bryden, Heath, & Shrimpton, 2002; Iwamoto, Alexander, & Hershberger, 1984) , so it was expected that some males should contribute disproportionately to jack returns. In coho salmon, families that produce some jack progeny do not necessarily produce fewer adult fish than families without jack returns and the inclusion of jacks in hatchery broodstocks may be important in maintaining effective population size (Van Doornik, Ford, & Teel, 2002) .
Within some populations, some males contributed disproportionately to either fishery or escapement samples, indicating that fishery capture may have a heritable basis and/or be affected by early common environmental effects. Vulnerability to angling and net fisheries may be heritable and may be related to behavioral aggressiveness and high growth rates (Biro & Post, 2008; Cooke, Suski, Ostrand, Wahl, & Philipp, 2007) . Fishery harvest is generally managed to exploit larger rather than smaller individuals in the populations, and an intrapopulation relationship between large size and increased catchability may increase selection intensity for smaller size within a population. With efficient fishery capture and the desired outcome for hatchery populations reared for harvest augmentation, the retention of the genetic basis for increased catchability is of importance. In theory, analysis of fishery samples could be used to identify families that contribute disproportionately to fisheries and enable the subsequent selection of corresponding family members for broodstock use. On a practical basis, the use of PBT on potential brood fish to identify individuals from families with low representation in the escapement may be sufficient to maintain the genes for increased capture likelihood in a hatchery population. Ultimately, determination of the genomic basis for catchability may enable marker-assisted or genomic selection programs.
The comprehensive evaluation of hatchery coho salmon populations to fishery contributions in this study is valuable for hatchery management purposes because few Canadian coho salmon populations are tagged with coded-wire tags, and current tag recovery rates are low . The great variability in productivity observed among and within hatchery populations reflects the adult fishery and escapement returns from a single spawning cohort.
If ongoing analysis confirms that the differential contributions to harvest are stable characteristics, hatchery programs may be mod- Broodstock selection within hatchery populations might also be applied to amplify fishery contributions and reduce escapement numbers. The detrimental effects of hatchery-origin spawners in the natural spawning environment can be mitigated by restricting their numbers on the spawning grounds, an objective at least partially met by increased catchability of hatchery fish. This study provided evidence of low stray rates among the hatchery populations themselves, but rates of straying into natural populations in close proximity to the hatcheries were not measured. Even low rates of straying from highly successful and abundant hatchery populations into small natural populations can have important genetic impact (Keefer & Caudill, 2014) . The evidence for family variation in coho salmon catchability from this study indicated that further examination of this trait is merited. Fishery selection will tend to favor lowered catchability over time in hatchery populations. To the extent that catchability may be associated with other beneficial traits such as growth rate and body size, maintenance of high catchability in hatchery populations may be a useful objective not only for maximizing harvest benefits but also for maintaining population viability.
Migratory distance and route also affected coho salmon fishery contributions and might be influenced by broodstock selection, particularly within the northern migrating populations. Timing of adult migration and spawning could be manipulated within populations to increase fishery contributions or to counteract temporally selective fishing patterns. In the Capilano River population, the spawning of relatively more late return fish could lead to increased harvest contributions and lower escapement levels.
The strong genetic basis for, and existence of both genetic and phenotypic correlations among, life history traits in salmonids makes the outcome of hatchery broodstock-selective efforts unpredictable, especially when combined with selective fishery forces that may be poorly characterized (Tillotson & Quinn, 2018) . Broodstock manipulation within hatchery populations should be approached with caution and on an experimental basis until greater understanding of consequences is gained. Nevertheless, inadvertent selection in both hatchery production and the harvest of salmon is generally viewed as a force that reduces genetic diversity within and among Pacific salmon populations (Moore, McClure, Rogers, & Schindler, 2010) . The use of parentage-based genetic analysis increases our ability to identify, monitor, and possibly maintain variation within populations as they face the future challenges of environmental degradation, climate change, and ongoing harvest and predation.
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